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We calculate a AA pairing gap in binary mixed matter of nucleons and A liyperons within the rel- 
ativistic Hartree-Bogoliubov model. Lambda hyperons to be paired up are immersed in background 
nucleons in a normal state. The gap is calculated with a one-boson-exchange interaction obtained 
from a relativistic Lagrangian. It is found that at background density pM = 2.5po the AA pairing 
gap is very small, and that denser background makes it rapidly suppressed. This result suggests a 
mechanism, specific to mixed matter dealt with relativistic models, of its dependence on the nucleon 
density. An effect of weaker AA attraction on the gap is also examined in connection with revised 
information of the AA interaction. 



PACS numbers: 26.60.-(-c, 21.80.-fa, 21.65.-|-f 

I. INTRODUCTION 

Pairing correlation in hadronic matter has been at- 
tracting attention due to close relationship between prop- 
erties of neutron stars and its interior superfluidity. Su- 
perfluidity inside neutron stars affects, for instance, heat 
capacity and neutrino emissivity. These quantities relate 
to the cooling processes of neutron stars. 

In neutron stars, several types of baryon pairing ap- 
pear. It is strongly believed that neutrons form the ^Sq 
pair in the inner crust region 1, 2, 3J. At the corre- 
sponding density 10~"^po S Pb ^ O.Tpo, where po is the 
saturation density of symmetric nuclear matter, the ^Sq 
partial wave of the nucleon-nucleon (NN) interaction is 
attractive: In infinite matter an attraction, no matter 
how weak it is, brings about the BCS instability to the 
ground state. This type of pairing has been most ex- 
tensively studied for decades using various models. Also 
important is the neutron pairing in the outer core 
region up to ^ 2po- The partial wave of the AW 
interaction is attractive enough there for neutrons to be 
in a superfluid state On the other hand, the ^Sq 

partial wave would become repulsive there so that the 
^Sq neutron pairs would disappear. Instead, the ^5*0 pro- 
ton pairing is expected to be realized owing to its small 
fraction 
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In the inner core region, baryon density becomes much 
larger (ps > 2po) and various hyperons may appear |^. 
Some are expected to form pairs in the same way as the 
NN pairing owing to the attractive ^So partial wave of 
the hyperon-hyperon {YY) interaction. Moreover, inter- 
species pairing such as A-neutron pairing may be realized 
at the total baryon densities higher than ps > 4po where 
fractions of the two kinds of baryon are expected to be 
comparable. These kinds of pairings affect the properties 
of neutron stars through, say, suppression of the hyperon 
direct URCA processes. Whether A hyperons are in a su- 
per state or not plays a decisive role for the microscopic 
understanding of neutron stars: A hyperons in a normal 
state would lead to too rapid cooling of them and force 
one to modify the cooling scenarios. Conversely, one can 
extract information on baryonic force and inner struc- 
ture of neutron stars from these phenomena. Studying 
neutron stars thus is the driving forces for the study on 
baryon superfluidity. 

Despite the situations, magnitude of the hyperon pair- 
ing gaps is still uncertain. More studies are needed ex- 
ploiting available information from various sources such 
as the hypernuclcar spectroscopy, direct observation of 
neutron stars, and so on. 

Our aim of this study is twofold. One is to explore an 
effect of Dirac effective mass of A hyperons on the AA 
pairing correlations in binary mixed matter composed of 
A hyperons and nucleons. In this respect, recognizing the 
significance of covariant representation led to the remark- 
able developments in nuclear/hadron physics for the last 
three decades. As is well known nowadays, cancellation 
between large Lorentz scalar and vector fields provides 
a proper saturation mechanism of nuclear matter on the 
whole. Typical examples are the phenomenological rel- 
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ativistic mean field (RMF) model and the microscopic 
Dirac-Brueckner-Hartree-Fock (DBHF) approach. Espe- 
cially in the latter, selfconsistent treatment of a nucleon 
spinor with a bare AW interaction brings the saturation 
points predicted by the nonrelativistic BHF approach to- 
wards the empirical one by a repulsive relativistic effect. 
This selfconsistency is the key ingredient of the relativis- 
tic models. Then, we would like to ask a following ques- 
tion: What does the selfconsistency bring to superfluidity 
in the composite hadronic matter? This is an important 
issue on studying neutron star matter that has complex 
composition of baryons using relativistic models. 

The other is to investigate an impact of the recent ex- 
perimental finding on the AA pairing. The KEK-PS ex- 
periment E373, especially the "NAGARA" event Q may 
explode the "old" information of AA interaction which 
has ruled hypernuclear systems for three decades. The 
event unambiguously determined the binding energy of 
the two A hyperons Baa in aa-'^*^. Most importantly, it 
suggests that the AA interaction is weaker than it was 
thought before. If this is confirmed, the new information 
ought to have a significant impact on the microscopic 
understanding of the properties of neutron stars. 

Unlike the NN pairing, there are only a few studies 
on the hyperon pairing. It was first studied in a non- 
relativistic framework by iBalberg and Barneal • Then 
their results were applied to the study on cooling of 
neutron stars They obtained the AA pairing gap 
in symmetric nuclear matter using an interaction based 
on the G-matrix in symmetric nuclear matter and an 
approximation of nonrelativistic effective mass obtained 
from single-particle energies with first order Hartree-Fock 
corrections, though their motive was application to the 
physics of neutron stars. Their conclusion was that the 
maximal pairing gap became larger as the background 
density increased; at the same time, the effective mass of 
A hyperons became smaller. Since smaller effective mass 
generally leads to smaller pairing gap, this conclusio n is 
against general expectations. Takatsuka and Tama gakJ 
subsequently studied the problem using two types of bare 
AA interactions and of hyperon core models [3. Aim- 
ing at a better approximation of neutron star matter, 
they used the nonrelativistic effective mass which was 
obtained from the G-matrix calculation for composite 
matter of neutrons and A hyperons, and was dependent 
on a total baryon density an d a A f raction. Their gaps 
were somewhat smaller than iBalberg and Barneaf s due 
to smaller effective mass and appropriate choice of the 
interaction. They also showed that the result had con- 
siderable dependence on the interactions and the hyperon 
core models owing to related uncertainties. An important 
thing in common to these past studies is use of the AA 
interactions that are too attractive considering the con- 
sequence of the NAGARA event, which was unavailable 
at that time. 

Therefore, we study the ^Sq AA pairing in binary 
mixed matter of nucleons and A hyperons using rela- 
tivistic interactions that reflects the new experimental 



information for the first time. The A hyperons are im- 
mersed in pure neutron matter or symmetric nuclear mat- 
ter that is treated as a background. We use the relativis- 
tic Hartree-Bogoliubov (RHB) model in which density- 
dependence of the interaction is automatically taken 
into account via the Lorentz structure. The density- 
dependence that is an inherent mechanism in relativistic 
models may lead to novel behavior of the pairing gap: 
Since pairs are formed in medium, medium effects on a 
particle-particle (p-p) channel interaction should be con- 
sidered. In the RHB model, bare baryon masses are re- 
duced by the scalar mean field. This decreased mass 
is the Dirac effective mass 0, 0. The mass decrease 
may change the pairing gap to some extent in compari- 
son with that obtained with the bare masses. Although 
the two preceding studies also introduced the medium 
effects, each had a purely nonrelativistic origin. It has 
nothing to do with the Lorentz structure and the Dirac 
effective mass. We thus intend to compare w ith the re- 
sults of the first study bv lBalberg and Barneal neglecting, 
for the time being, complexity of A-E'' mixing that prob- 
ably occurs in asymmetric nuclear matter; this mixing 
will be discussed in Sec. lIIIEl Besides, other constituents 
predicted to exist in neutron stars and equilibration like 
chemical equilibrium of neutron star matter are ignored 
so that we narrow down arguments to the impact of the 
revision on the AA pairing properties. Such a plain treat- 
ment should be taken as the very first step of our study 
on the hyperon pairing with the recently revised interac- 
tions in neutron star matter. 

This paper is organized as follows: In Sec.|nl we illus- 
trate the Lagrangian of the system and the gap equation 
for the ^Sq A A pairing. In Sec. Illll we present results of 
the AA pairing properties in the binary hadronic matter. 
Section llVI contains a summary. 



II. MODEL 

A. Lagrangian 

Our starting model Lagrangian of the system has the 
following expression: 

B=N,A 

- X! gcrB-ipBCri^B - ^ 9u>Bi'Bl^ii^'^tpB 
B=N,A B=N,A 

(1) 

where Vl^^ = d^io^ - d^uj^ and S^^ = d^4>^ - d^c/)^. 
The symbols Mn, Ma, m^, m^, Tn„- , and are the 
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mass [MeV] 



coupling constant g/ratio a 



ma 520.0 

m„ 783.0 

m^. 975.0 

m0 1020.0 



QaN 10.481 

aa = gah/gaN 0.623 

ff^iv 13.814 

Cfcj = Qlua/QuiN 2/3 

a<T* = ga'h/gaN varied 

a^ — g^A/guN —a/2/3 



TABLE L Parameter set HS-m2 [TJ]. We choose Mn = 938.0 
MeV and Ma = 1115.6 MeV. 



mass of nucleons, A hyperons, a bosons, cu mesons, a* 
bosons, and cj) mesons, respectively. Table^Jdisplays these 
masses, coupling constants and their ratios used in this 
study. This model Lagrangian was used in the study of 
bindin g en ergy of double A hypernuc lei with the RM F 
model im ■ and originally proposed bv lSchaffner et al.1 in 
the study of multiply strange hadronic systems including 
baryon species N, A, an d S 12, 13] . The parameter set 
was determined by iMarcos et al.l to reproduce the bulk 
properties of hadronic matter and finite nuclear systems 
including double A hyp ernuclei according to the old in- 
formation. In Ref. 11], the original nucleon Lagrangian 
HS (an abbreviation of Horowitz-Serot) with "cr-Ci;" La- 
grangian for the A sector, which is called "model 1," was 
supplemented with two additional boson fields. One is 
a scalar-isoscalar boson a* (975 MeV) and the other is 
a vector-isoscalar meson cj) (1020 MeV). The Lagrangian 
that contains a* and (j) is referred to as "model 2." Fol- 
lowing Ref. 13], we call the model Lagrangian Eq. ^ 
"HS-m2" in short from now on. Details of the model 1 
and the model 2 are described in Ref. |0]. These addi- 
tional bosons were originally introduced to achieve strong 
attraction between A hyperons. Since it is, however, 
probable now that AA interaction is weaker than it was 
considered as mentioned above, we regard a* as the de- 
vice for controlling the AA attraction in this study. As 
a rough guide, we refer to Fig. 1 of Ref. ^llj that shows 
the dependence of the bond energy. 



ABaa = Baa(a^^) - 2Ba(^"1^), 



(2) 



on the coupling ratio Q!o-» = ga*A/gcrN- Contrary, the 
ratio = g^A/g^jN is fixed by the SU{6) relations. 



B. gap equation 

Next, we explain the gap equation for the AA pair- 
ing. The equations of motion are solved by the procedure 
illustrated in Ref. il4j, except that pairing correlation 
is introduced by the Gor'kov factorization and hyperons 
other than A are absent in the present study. The Fock 
contribution is neglected and the so-called no-sea approx- 
imation is employed. This is the RHB model. As for the 



pairing gap, the gap equation. 
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A(fc) 



X v{Ml;p,k)k^dk, (3) 

is solved numerically, where -E^^^ is the single-particle 
energy of A hyperons and v(M^; p, k) is the p-p channel 
AA interaction. Although the quality of bare AA interac- 
tions on the market is steadily getting higher, they still 
have room for improvement mainly due to sparsity of ex- 
perimental data. Hence, also does predictability of the 
AA pairing properties. Following the same pre s crip tion 
as in our previous studies of NN pairing [l^ [ig, we 
therefore use the phenomenological interaction to study 
the possibility of the AA pairing and its dependence on 
the density of background matter. We adopt to the p-p 
channel interaction the one-boson-exchange (OBE) in- 
teraction obtained from an RMF parameter set with the 
help of form factors. For convenience, we refer to this 
OBE interaction as "RMF interaction" in this study. The 
antisymmetrized matrix element of the RMF interaction 
V is defined by 

viMl; p,k) = {ps\^'\V\ksXs) - {ps',^'\V\ks,ks), 

(4) 

where tildes denote time reversal. Since v depends on the 
Dirac effective mass of A hyperons in a baryon spinor, its 
dependence is explicitly indicated in Eqs. lj2Jl and 
Integration with respect to the angle between p and k 
has been performed in Eq. ^ to project out the S-wa.ve 
component. Moreover, the form factors are included in v 
to regulate its high- momentum contributions. We use a 
Bonn-type form factor: 



A?-: 



A? 



(5) 



where q is three- momentum transfer and rrn {i = a, uj^ 
a*, and 0) are the meson masses. The cutoff mass Ac 
is 7.26 fni^^ for all the mesons employed, which value 
was determined in our study of the NN pairing for a 
form factor of a type different from Eq. ((SJ |12i] ; an effect 
of varying the cutoff mass will be examined later. We 
thereby aim at phenomenological construction of the ef- 
fective AA interaction usable in hadronic matter with a 
finite A fraction, like the Gogny force in the nucleon sec- 
tor. Note that the form factors are applied only to the 
p-p channel since we respect the fact that the Hartree 
part is unaffected by a monopole form factor (Eq. 
shown later) with which the value of Ac was determined 
in our study of the AW pairing. 

Combining the equations for the Dirac effective mass 
of nucleons 



= MN+gaN{<j), 

that of A hyperons 



Ml 



Ma + gaA{<y) + gcr*A(cr*), 



(6) 



(7) 
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and Eq. Q , we obtain the coupled equations to be solved 
numerically. 

Concerning choice of the p-p channel interaction, it 
has been still open to argument whether the G-matrix 
or a bare interaction is suitable for_the gap equation. 
The p-p channel interaction in Ref. ^ is classified into 
the former and that in Ref. 9] into the latter. As de- 
scribed in Ref. JJJ , the gap equation itself handles short 
range correlations which the G-matrix also does; this 
is the well-known double -counting of the correlations. 
IXakatsuka and Ta magakil also argued that use of the G- 
matrix itself or the interaction based on it in the gap 
equation cannot be justified 0. Thus it is widely re- 
ceived to use a bare interaction in the gap equation with 
regard to NN pairing in infinite matter. 

Meanwhile, from a practical viewpoint such as appli- 
cation to finite nuclei, the Gogny force is often used as 
the p-p channel interaction as well as the particle-hole 
channel interaction: While it is regarded as a reason- 
able parameterization of the G-matrix in the sense that 
it gives saturation properties of symmetric nuclear mat- 
ter, it can reproduce the pairing gaps obtained from bare 
NN interactions. In fact, the Gogny force imitates bare 
interactions in the low- density limit Hflll . With refer- 
ence to practical usage, iMatsuzaki and Tanigawal solved 
the g ap equa tion of NN pairing using the RMF interac- 
tions UAUM- In Ref. [l^ , phenomenological form factors 
were introduced to the p-p channel, with the Hartree part 
unchanged, so that the constructed interactions repro- 
duced the results obtained from the bare Bonn potential. 
They successfully adjusted cutoff masses to reproduce 
both the pairing gaps and the coherence lengths at the 
same time. The cutoff masses independent of density 
were qualitatively similar to those of the Bonn potential. 
This shows the usefulness of the prescription. Nonethe- 
less, we do not use the same procedure in the present 
study since we have no model of the YY interactions to 
follow and our primary interest is behavior of the gap; 
we use the cutoff mass for the AA interaction obtained 
from the study of the NN pairing instead, which is 
qualitatively similar to those of the YY interactions on 
the market. 

Last but not least, we neglect effects beyond the mean- 
field approximation such as the dispersive effects JlJ 
and the polarization effects H^l to concentrate on 
the effects which stem from the binary character of the 
matter. Both are, however, very important for the NN 
pairing since they turned out to reduce the pairing gap. 
Work in this direction is necessary in future. 



III. RESULTS AND DISCUSSIONS 
A. Effect of Dirac effective mass decrease 

Figure n shows the resulting ^So A A pairing gap at 
the Fermi surface in pure neutron matter of densities pjv 
at 0, po, 2.5po, and 5po, with Q!o-» = 0.5 chosen. This 



2.0 



1.5 



> 

S 1.0 



— ■p« = o 

Pn = Po 

- — p„ = 2.5po 

P«=5p„ 




2.0 



FIG. 1: AA pairing gap at the Fermi surface of A hyperons, 
for pure neutron background densities pN = 0, po, 2.5po, and 
5po. The coupling ratio a^' = 0.5 is used. 



value of the coupling ratio can reproduce the bond en- 
ergy, Eq. 0, of about 1 MeV in the RMF model, which 
is suggested by th e NAGARA event. C ontrary to the 
results obtained bv'Bal berg and BarneaL the A A pairing 
gap becomes suppressed as the neutron density increases. 
At pn = 2.5poj where A hyperons already appear in some 
models of neutron stars jl4| . the maximal pairing gap is 
about 0.15 MeV. Since there are probably no A hyperons 
at Pn — and po in neutron star matter, the pairing 
gaps at these densities are quite hypothetical. 

Figure[21shows the density dependence of baryon effec- 
tive masses, and M^, as functions of the total baryon 
density pg. The background neutron densities are fixed 
here, so that variations in correspond to those in the 
Fermi momentum of A hyperons. Since we ignore the 
chemical equilibrium here, curves of the effective masses 
have discontinuous jumps; each piece corresponds to the 
fixed neutron densities, pN = 0, po, 2.5po, and 5.0po- 
Consideration of the chemical equilibrium should con- 
nect them with each other. Nevertheless, we obtain the 
values qualitatively similar to the ones shown in, for ex- 
ample, Fig. 4 of Ref. It is therefore concluded that 
in-medium property of the phenomenological AA interac- 
tion used in this study is justifiable. The effective mass 
of neutrons decreases steeply as the total baryon density 
increases, while mildly does the effective mass of A hy- 
perons due to the weaker coupling of A hyperons to the 
scalar bosons than the coupling of nucleons. 

For the p-p channel, we use the RMF interaction as 
stated above. The interaction contains the Dirac effec- 
tive mass of A hyperons, Eq. Q, through which the 
medium effects are introduced; the coupling of A hyper- 
ons to a bosons, to which nucleons also couple, brings 
about the dependence on the background density. Fig- 
ure 13 represents the AA RMF interaction derived from 
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FIG. 2: Effective masses of A hyperons and neutrons for pure 
neutron background densities pjv = 0, po, 2.5po, and 5po- The 
coupling ratio a^* ~ 0.5 is used. 
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FIG. 3; AA RMF interaction v{Ml; k, fcp) at the Fermi mo- 
mentum of A hyperons ftp = 1.0 fm~^, for pure neutron back- 
ground densities pM ~ 0, po, 2.5po, and 5po, corresponding 
to Ml = 1068, 813, 660, and 605 MeV, respectively. The 
coupling ratio Oo-* = 0.5 is used. The legend is the same as in 
Fig. Q The inset shows a magnification of the region around 
the repulsive bumps. 



the parameter set HS-m2. It is shown that increasing the 
background neutron density suppresses attractive contri- 
bution from low momenta. This is the main reason why 
the AA pairing gap is smaller in denser background. This 
new mechanism of the suppression is inherent in relativis- 
tic models which respect the Lorentz structure as shown 
in Eq. iQ. It is shown that the decrease of the effective 
baryon mass plays an indispensable role when it is used 
selfconsistently in the baryon spinor. 

What is important is that relativistic models naturally 
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FIG. 4: Maximal AA pairing gap as a function of the strength 
of AA attraction and the background density in pure neutron 
matter. 



lead to a density-dependent interaction through a self- 
consistent baryon spinor where the bare mass in a free 
spinor is replaced with the Dirac effective mass. An apt 
example is the saturation of symmetric nuclear matter in 
the DBHF approach 0| . Requirement of the selfconsis- 
tency for the nucleon spinor, that is, use of the Dirac ef- 
fective mass in the nucleon spinor effectively gives repul- 
sion to the binding energy of symmetric nuclear matter. 
Consequently, it pushes the saturation points predicted 
by nonrelativistic models toward the empirical one. It 
seems that our finding is similar to this repulsive effect. 
Furthermore, the mechanism is apparently not restricted 
to AA pairs. It is probable that other kinds of YY pairs 
have the same trend. 



B. Effect of NAGARA event 

Next we explore the effect of the NAGARA event on 
the AA pairing. With relation to the revised information 
on the AA interaction, we vary the ratio a^' = Qn' \l QnN 
between 0.4 and 0.6, referring to Fig. 1 of Ref. [nl: 
Thereby we control the attractive component of the inter- 
action. Figure 21 represents the maximal AA pairing gap 
at the Fermi surface of A hyperons as a function of the 
strength of AA attraction and the background density of 
pure neutron matter. From this figure as well as Fig. ^ 
one reads that the suppression of the gap occurs in denser 
background of neutrons. Moreover, it may even vanish 
in the end (though the result depends on the choice of 
RMF parameter sets and a cutoff mass as will be shown 
later). This varying a^* reveals likely closing of the gap 
at smaller a^* {i.e. weaker A A attraction) and its strong 
suppression in the denser neutron background. This re- 
sult implies that the aforementioned mechanism acts in 
concert with the weakened attraction for closing the gap. 
Hence, the A A pairing correlation in dense pure neutron 
matter becomes less likely than before. The result is al- 
most the same with the background of symmetric nuclear 
matter. 

In the light of the neutron star cooling, the absence 
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FIG. 5: AA pairing gap at the Fermi surface of A hyperons, 
for nucleon background densities pjv = 0, po, 2.5po, and 5po- 
The coupling ratio Ua-* = 0.5 is used. 



of the AA pairing might call for the pairing of other 
hyperonic species and a modification of its scenarios. 
More realistic approximation of the internal composition 
of neutron stars needs a condition of chemical equilib- 
rium which plays a decisive role. Under the condition, 
other hyp erons will emerg e as the background density 
increases. iTakatsuka et all studied the E~E~ and S^S^ 
pairings and shown their possibility [2^. Nevertheless, 
the possibility of the AA pairing in neutron star mat- 
ter with the concerted mechanism in this model stands 
unsettled due to complex composition of particles inside 
neutron stars. 



A(fcF) oc exp 



1 



N{kp)\v{kF,kF)\ 



(8) 



where N{k-p) — Ej^^ kp/2'K^h'^ is the density of states at 
the Fermi surface. Equation ||SJ| shows that the smaller 
the Dirac effective mass becomes, the smaller the density 
of states does, which makes the gap smaller. Note that we 
use the approximation for rough estimation here and the 
full integration of the gap equation Q is done throughout 
the present study. Meantime, we intend by the word 
'indirectly' that the gap decreases as the density increases 
due to gradual weakening of the attraction in the p-p 
interaction which is shown in Fig.|31 The other difference 
is the region of the Fermi momentum of A hyperons where 
the gaps are open. While the regions in their result are 
similar in all densities presented. Fig. |31 shows that the 
regions in our result narrow as the background density 
increases. 

Finally, the result at pat ~ pQ may have relevance 
to the AA pairing correlation around the center of hy- 
pernuclei [2g: We obtain the maximal gap A(fcF = 
0.9 fm"^) ~ 0.5 MeV. 

Prior to the present study, lElgarOv et al.l studied |23| 
relativistic effects on the neutron and proton pairing in 
neutron star matter and made a comparison with a non- 
relativistic result [2^ . Their result shows a large effect of 
"minimal relativity" ^3 on the neutron pairing while 
a small one on the ^Sq proton pairing. They explained 
that using DBHF single-particle energies and factors of 
the minimal relativity are the causes of much smaller 
neutron pairing gap. As for our model, the factor cor- 
responding to the minimal relativity is already included 
in the p-p interaction owing to the normalization of the 
Dirac spinor, u^u = 1. 



C. Comparison with nonrelativistic study 

Now we make a comparison between relativistic and 
nonrelativistic predictio ns. For the compariso n with the 
nonrelativistic results of iBalberg and Barneal , we cal- 
culate the A A pairing gap in symmetric nuclear matter. 
Figure El represents our result. Slightly smaller gap than 
that obtained from the calculation of pure neutron mat- 
ter (Fig. ^ reflects the smaller Dirac effective mass of A 
hyperons in symmetric nuclear matter than that in pure 
neutron matter. 

We would like to note two remarkable differences be- 
tween their result and ours. One difference is the depen- 
dence of the gap on the background density. Strikingly, 
ours is opposite to theirs (c/. Fig. 4 of Ref. 0)- This is 
brought about directly and indirectly by decrease of the 
Dirac effective mass. We intend by the word 'directly' 
that we can grasp the decrease of the gap through an 



D. Choice of form factor 

Also noteworthy is a form factor: In this subsection, 
we investigate a dependence of the gap on the cutoff mass 
for each type of the form factor. We use the purely phe- 
nomenological form factor at each A hyperon-meson ver- 
tex to regulate the high-momentum components of the 
p-p interaction as in Ref. fl^] . We have chosen the Bonn- 
type form factor, Eq. (0), with the cutoff mass Ac = 7.26 
fm^^ thus far in this paper. In contrast to the NN pair- 
ing, there has yet been no proper guide to determine the 
cutoff mass in the form factors for the AA pairing. We 
hence resort to borrow the value from our previous study 
of the AW pairing [T6l |. 

However, the type of the form factor and the value 
of the cutoff mass significantly affect the magnitude of 
the pairing gap. We therefore calculate the dependence 
of the AA pairing gap at the Fermi surface on the cut- 
off mass Ac in the form factors of Bonn- type, Eq. ||SJ). 
The cutoff mass is taken to be larger than 5 fm~^, which 
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FIG. 6: Cutoff mass dependence of the AA pairing gap at 
tlie Fermi surface in pure neutron matter. The coupling ratio 
Qfo-* = 0.5 is used. 



roughly corresponds to mass of the heaviest meson em- 
ployed (namely 0), otherwise the interaction is unphys- 
ical. The result is shown in Fig. El in which the Fermi 
momenta of A hyperons are fixed to = 0.90, 0.80, and 
0.75 fm^^ for background density of pure neutron mat- 
ter pn — po, 2.5poj and 5.0po) respectively. As expected, 
varying the cutoff mass changes the gaps steeply since 
it changes the balance of the attraction and the repul- 
sion of the interaction. The peaks around Ac ~ 5 fm^^ 
are due to consecutive suppression of the attraction (cr* 
boson) and the repulsion {(f) meson) by the form factor. 
Nonetheless, the importance of this result lies in the fact 
that the gaps become smaller in denser background for 
any cutoff mass. Thus the arbitrariness does not alter 
our conclusions. 

On the other hand, a form factor of monopole type, 



A? 



A? 



(9) 



with moderate cutoff masses does not give a finite pairing 
gap in our model with the HS-m2 set; using other RMF 
parameter sets may give finite gaps and their gentle de- 
pendence on the cutoff mass is expected in the manner 
similar to the AW pairing [Tfil |. 

We would like to stress that we do not intend to pro- 
vide the optimal parameter sets for the description of 
AA pairing for the time being; or rather we intend to 
present its general trend of density dependence within 
the present model irrespective of a given set of param- 
eters. Determining them precisely is inevitably deferred 
until the guide can be available. 



E. Lambda- Sigma mixing 

Before concluding the discussions, we present relevant 
issues for further study. We have employed pure neu- 
tron matter and symmetric nuclear matter as background 
in this study. Physics of neutron stars requires isospin 
asymmetricity of the background matter which should 
be considered in the next study. In connection with 
this, coherent and incoherent A-S couplings should be 
mentioned. Reference [3.C| argued that they are impor- 
tant to understand s-shell hypernuclei and, in particu- 
lar, resolve the longstanding problem of overbinding in 
^He. Furthermore, the coherent A-S coupling predicts 
the coherent A-T,'^ mixing in dense neutron-rich infinite 
matter [sj. As a consequence, the A-E'' mixing shall 
come into play in asymmetric nuclear matter, which may 
change the critical density of hyperon emergence and 
eventually scenarios of the evolution of neutron stars. It 
is therefore important to introduce it into the models 
of dense hadronic matter. Concerning relativistic mod- 
els, the introduction into both infinite and finite systems 
has been performed using the quantum hadrod yna mics 
along with the concept of effective field theory |32l l33l| ; 
these works also show the importance of the mixing. On 
the other hand, the QCD sum rules predict that rela- 
tively weak mixing would be realized for A and YP of the 
positive energy state while strong for the negative [33 |. 
Hence, room for argument over this issue still remains 
and the effect of the mixing on the pairing is unknown 
so far. In all cases, we have ignored the mixing since it 
is beyond our scope of this study. 



IV. SUMMARY 

We have investigated the AA pairing in binary mixed 
matter of nucleons and A hyperons. Our theoretical 
framework is the RHB model combined with the RMF 
interaction both in the particle-hole and the particle- 
particle channels; we have used it to naturally incor- 
porate the medium effect into the latter, as well as the 
former, via the Dirac effective mass of A hyperons in 
the A spinor. Two noteworthy conclusions are thereby 
drawn. First, we have found that the value of the AA 
pairing gap decreases as the background nucleon den- 
sity increases. This result is opposite to that reported in 
Ref . • It should be emphasized again that the origin of 
the medium effects is different from each other. Second, 
in concert with the effect of increasing the background 
density, the weaker the AA attraction becomes, the more 
the AA pairing gap gets suppressed: The present model 
shows the possibility that it may disappear in the sequel. 
Reluctantly, some arbitrariness of the form factors still 
remains since it has yet been virtually difficult to deter- 
mine the cutoff mass precisely. The magnitudes of the 
AA pairing gap consequently remain uncertain because 
they have the strong dependence on the cutoff mass. We, 
however, have shown the essential result that the denser 
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background reduces them gradually to be unchanged for 
difFcrcnt values of the cutoff mass. For transparency of 
the investigation, we have ignored the chemical equilib- 
rium. This should be considered in future. Unfortu- 
nately, our knowledge of the hyperon-hyperon interaction 
is somewhat limited at the moment. We notwithstand- 
ing expect that qualitative trends presented in this stiidy 
will survive in more refined models, and also in pairing 



of another hyperonic species. 

One of us (T.T.) is grateful to the Japan Society for the 
Promotion of Science for research support and the mem- 
bers of the research group for hadron science at the Japan 
Atomic Energy Research Institute (JAERI) for fruitful 
discussions and their hospitality. 



[1] T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. 

Suppl. 112, 27 (1993). 
[2] J. Wambach, T. L. Ainsworth, and D. Pines, Nucl. Phys. 

A555, 128 (1993). 
[3] J. M. C. Chen, J. W. Clark, R. D. Dave, and V. V. 

Khodel, Nucl. Phys. A555, 59 (1993). 
[4] 0. Elgar0y, L. Engvik, M. Hjorth- Jensen, and E. Osnes, 

Nucl. Phys. A607, 425 (1996). 
[5] N. K. Glendcnning, Compact Stars (Springer- Verlag New 

York, New York, 2000), 2nd ed. 
[6] H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001). 
[7] S. Balberg and N. Barnea, Phys. Rev. C 57, 409 (1998). 
[8] C. Schaab, S. Balberg, and J. SchafFner-Bielich, Astro- 

phys. J. 504, L99 (1998). 
[9] T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. 102, 

1043 (1999). 

[10] M. Jaminon and C. Mahaux, Phys. Rev. C 40, 354 
(1989). 

[11] S. Marcos, R. J. Lombard, and J. Mares, Phys. Rev. C 

57, 1178 (1998). 
[12] J. Schaffner, C. B. Dover, A. Gal, C. Greiner, and 

H. Stocker, Phys. Rev. Lett. 71, 1328 (1993). 
[13] J. Schaffner, C. B. Dover, A. Gal, C. Greiner, D. J. Mil- 

lener, and H. Stocker, Ann. Phys. (N.Y.) 235, 35 (1994). 
[14] J. Schaffner and L N. Mishustin, Phys. Rev. C 53, 1416 

(1996). 

[15] T. Tanigawa and M. Matsuzaki, Prog. Theor. Phys. 102, 
897 (1999), nucl-th/9911032. 

[16] M. Matsuzaki and T. Tanigawa, Nucl. Phys. A683, 406 
(2001), nucl-th/9911042. 

[17] A. B. Migdal, Theory of finite Fermi systems: and appli- 
cations to atomic nuclei (Interscience, New York, 1967). 

[18] G. F. Bertsch and H. Esbensen, Ann. Phys. (N.Y.) 209, 



327 (1991). 

[19] E. Garrido, P. Sarriguren, E. Moya de Guerra, and 
P. Schuck, Phys. Rev. C 60, 064312 (1999). 

[20] P. Bozek, Nucl. Phys. A657, 187 (1999). 

[21] M. Baldo and A. Grasso, Phys. Lett. B485, 115 (2000). 

[22] T. L. Ainsworth, J. Wambach, and D. Pines, Phys. Lett. 
B222, 173 (1989). 

[23] H.-J. Schulze, J. Cugnon, Lejeune, M. Baldo, and 
U. Lombardo, Phys. Lett. B375, 1 (1996). 

[24] R. Machleidt, Adv. Nucl. Phys. 19, 189 (1989). 

[25] T. Takatsuka, S. Nishizaki, Y. Yaniamoto, and R. Tam- 
agaki, Prog. Theor. Phys. 105, 179 (2001). 

[26] T. Takatsuka, S. Nishizaki, Y. Yamamoto, and R. Tama- 
gaki, Int. J. Mod. Phys. B15, 1609 (2001), in Proceedings 
of the 10th International Conference on Recent Progress 
in Many-Body Theories, 10-15 September, 1999, Seattle, 
Washington. 

[27] 0. Elgar0y, L. Engvik, M. Hjorth- Jensen, and E. Osnes, 

Phys. Rev. Lett. 77, 1428 (1996), nucl-th/9604041. 
[28] 0. Elgar0y, L. Engvik, M. Hjorth-Jensen, and E. Osnes, 

Nucl. Phys. A604, 466 (1996). 
[29] G. E. Brown, A. D. Jackson, and T. T. S. Kuo, Nucl. 

Phys. A133, 481 (1969). 
[30] Y. Akaishi, T. Haxada, S. Shinmura, and Khin Swe 

Myint, Phys. Rev. Lett. 84, 3539 (2000). 
[31] S. Shinmura, Khin Swe Myint, T. Harada, and 

Y. Akaishi, J. Phys. G28, LI (2002). 
[32] H. Miiller, Phys. Rev. C 59, 1405 (1999). 
[33] H. Miiller and J. R. Shepard, J. Phys. G26, 1049 (2000). 
[34] N. Yagisawa, T. Hatsuda, and A. Hayashigaki, Nucl. 

Phys. A699, 665 (2002). 



